I. INTRODUCTION
In this experiment we will study the effect of a magnetic field upon the wavelength and polarization of photons emitted by excited states of atomic mercury. This effect, discovered by Pieter Zeeman in 1896, won him the Nobel Prize in 1902. Twenty-five years later, the discovery provided the first convincing evidence for the half-integer nature of the spin of the electron.
The atomic number of mercury is Z=80. For most practical purposes, the inner 78 core electrons are arranged as they would be for the noble metal platinum, but with a nuclear charge of 80 rather than of 78. The outer electrons of mercury arrange themselves in the 6s shell as follows, known as the atomic configuration:
Where the notation 6s 2 means two s (l = 0) electrons with principal quantum number n = 6. This so-called shell model treats the atomic electrons as independent of one another. As we shall see below, the electrons are not entirely independent, and we will have to take some pairwise correlations into account in this experiment.
When gaseous mercury is subjected to an electrical discharge, such as in a fluorescent light bulb, street lamp, or laboratory discharge tube, the collisions between the mercury atoms and the electrons are energetic enough to excite one of the 6s electrons to a higher energy state, while the remaining 79 electrons (including the other 6s electron) remain undisturbed. Depending upon which empty shell the excited 6s electron occupies, the excited electron will eventually return to successive lower energy states by emitting packets of light, called photons, whose energy reflects the energy difference between the two levels. That is, 
In this experiment we will examine the following excitation and de-excitation steps:
(6 ) (7 ) (6 ) (6 ) s s s p → i i
That is, by some complex process, one of the 6s electrons is excited to the 7s state, while its companion 6s electron remains in its equilibrium configuration. Then, after some period of time, on the order of 10 -9 seconds, the 7s electron decays into a 6p state. Eventually, this 6s6p state will decay into the ground state 6s6s, a transition that does not concern us in this experiment. 1 The Handbook of Chemistry and Physics is an excellent reference for atomic energy levels.
Unfortunately, the simple shell notation above does not account for the fact that there are many states with distinct energies associated with both the initial and final configurations indicated above. This is because the actual energy of the pair of electrons depends upon the combined spin of the pair, the combined orbital angular momentum of the pair, and the combined (spin plus orbital) angular momentum of the pair of electrons. Moreover, this manifold of distinct energy states is further split if the atom is subjected to a magnetic field B.
A remarkable consequence of quantum mechanics is that angular momentum is not simply additive as it is in classical mechanics; instead, there is a spectrum of possibilities. There are six energetically distinct levels, known as terms, associated with the 6s7s and 6s6p configurations: The term notation has the following meaning. The symbol
for two electrons means the following:
• The superscript S numerically designates the total spin quantum number of the two electrons. For two electrons, S=0 (antiparallel spins) or S=1 (parallel spins).
.. alphabetically designates the total orbital angular momentum quantum number L of the two electrons.
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• J numerically designates the total (spin plus orbital) angular momentum quantum number of the two electrons.
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In principle there are eight possibilities for transitions from the two 6s7s terms to the four 6s6p terms. Each transition is characterized by its own characteristic wavelength, or color. We concern ourselves in this experiment with the transition , which results in the bright green line at λ = 546.07 nm. The other seven transitions are wellseparated from this one. This transition has the following properties: Fortunately for us, quantum mechanics only allows transitions for which ΔM J = -1, 0, or +1. Hence there can only be 9 allowed transitions. Furthermore, if our line of sight to the source is perpendicular to the magnetic field direction (as it is in this experiment), the polarization of the light has the following interesting property: Light emitted from the three possible ΔM J = 0 transitions will be polarized parallel to the magnetic field direction; these are called π or p (for parallel) transitions.
5 Conversely, light emitted from the three possible ΔM J = -1 or three possible ΔM J = +1 transitions will be polarized perpendicular to the magnetic field direction; these are called σ or s(for senkrecht, or perpendicular) transitions.
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The shift in the energy levels of an atomic state is proportional to the z-component angular momentum quantum number, M J . The shift (in cgs units 7 ) is given by
where g is the dimensionless Lande g-factor, 0 / 2 e e m c μ = is the Bohr magneton, and B is the magnetic field in Gauss. The dimensionless number g is calculable using quantum mechanics; it is given by
For the 3 S 1 initial level, g = 2; for the 3 P 2 (final) level, g = 3/2 (please verify!). By referencing Figure 1 , we see that the nine possible transitions are evenly and symmetrically spaced about the zero-field transition. 4 For convenience, we take the z-axis to be the direction of an externally applied magnetic field, which in our case is horizontal. 5 Not to be confused with the p that means one unit of orbital angular momentum! 6 In this experiment we will view the source along a line that is perpendicular to the field direction. It turns out that if we view the light along a direction parallel to the field direction, the light would be circularly polarized. This experiment is beyond the scope of the present lab. 7 In cgs units, e = 4.803·10
-10 esu, = 1.05459·10 -27 erg-sec, m e = 9.108·10 -28 grams, c = 2.998·10 10 cm/s, and μ 0 = 9.2741·10 -21 erg/Gauss. 
II. THE MAGNET CAUTION: THE MAGNET PRODUCES A FAIRLY HIGH MAGNETIC FIELD AND ATTRACTS FERROMAGNETIC OBJECTS. BE SURE NOT TO BRING SUCH OBJECTS INTO THE VICINITY OF THE MAGNET WHILE THE MAGNET POWER IS ON. A FLYING SCREWDRIVER COULD EASILY SHATTER THE DISCHARGE TUBE.
The magnetic field for this experiment is produced by a conventional iron-core electromagnet, arranged in a horseshoe configuration. The power supply (Kepco, Inc.) for the magnet can furnish a maximum of 80 volts and a maximum of 2.0 Amperes. There are two controls on the chassis: voltage limit and current limit. In this experiment the magnet 8 Adapted from figure 7.8 of Melissinos, Experiments in Modern Physics, Academic Press (1966). excitation should be controlled with the current limit knob, by setting the voltage limit knob to its maximum.
IMPORTANT NOTICE: ALWAYS RUN THE CURRENT CONTROL DOWN TO ZERO BEFORE SWITCHING THE POWER SUPPLY ON OR OFF. OTHERWISE, THE SUDDEN CHANGE IN CURRENT GIVES RISE TO A HIGH VOLTAGE SPIKE AT THE POWER SUPPLY OUTPUT TRANSISTOR.
The magnetic field as a function of current is tabulated in Table 1 and is graphed in Figure 2 . There is a small, residual field at zero current, owing to the slight permanent magnetization of the core. 
III. THE LIGHT SOURCE
The light source in this experiment is a simple hollow-cathode mercury discharge tube, known as a Geissler tube, after its inventor in the 1860's. It is powered with alternating current, originating from a step-down autotransformer connected to a step-up high voltage transformer. This experiment runs well with the autotransformer set at 40-50 volts.
Running the tube at a higher voltage risks overheating the tube.
IV. THE CONDENSER
The principal lens in the optical system is a simple bi-convex lens with a focal length of 150 mm. If the lens is placed 300 mm from the source, a real image of the source will appear at 300 mm downstream, with unity magnification. The purpose of this lens is to collect as much light as possible from the source and convey it to the subsequent optical elements.
For this geometry it is best to place the Fabry-Perot étalon near the focus of the condenser lens, to minimize the area of the étalon that is illuminated. This is especially important if the étalon is imperfect. See below for further details.
V. THE POLARIZER
As mentioned in the introduction, the radiation from atomic transitions in a magnetic field can be polarized, the nature of which is determined by the transitions themselves, and by the direction of emission relative to the magnetic field direction. In this experiment we will be investigating cases in which the radiation is linearly polarized. The analysis of linear polarization is made by rotating the polarizer about the beam axis.
VI. THE INTERFERENCE FILTER
The spectrum of atomic mercury excited by a discharge tube is exceedingly complex. In order to study a given spectral line, it is important to remove the light from all other lines in the spectrum. Fortunately, there exist commercially available interference filters that are opaque to all wavelengths except those within a narrow band in the vicinity of the desired spectral line. The spectral response of our filter is shown in Figure 3 .
Figure 3
The spectral response of the 546 nm interference filter.
VII. THE FABRY-PEROT INTERFEROMETER
The Fabry-Perot interferometer is an extremely high resolution interferometer, discussed in detail in the appendix (refer to Figure 5 ). The geometry is extremely simple: it consists of two optical flats, separated in our case by t = 0.6499 cm., using a rigid, precisionground hollow spacer. The flats are coated with an aluminum or silver coating with a reflectivity of about 90%.
We will be studying the splitting of the green mercury line at λ = 546.07 nm. In the absence of a magnetic field, and neglecting hyperfine shifts and nuclear-size shifts, the output of the interferometer, as imaged by a telescope focused at infinite distance, will be a series of concentric sharp rings (p = 1,2,3,…) of angular size given by
Where 0 ( ) e λ is an unimportant constant (discussed in the appendix).
For purposes of analysis of the spectrum in a magnetic field, assume that the magnetic field results in two closely spaced lines, λ a and λ b , with λ a -λ b = Δλ. Constructive interference of each respective wave will occur at discrete polar angles, . For a fixed p, the lines will be displaced by the amount
A perfectly constructed étalon will yield rays of sharply defined angles with a sharpness given by Equation (17) in the appendix.
VIII. THE TELESCOPE
The final optical element is an astronomical spotting telescope. It is focused at infinity, with a crosshair reticle located at the real image of the objective lens. The telescope axis thus defines a fixed direction in space. By rotating the Fabry-Perot interferometer about a vertical axis with the precision rotary stage, we can measure the angle of the rings with high accuracy.
The full optical system is depicted in Figure 4 , which illustrates three sample rays emerging from the source. The rays were chosen to make the same polar angle with respect to the Fabry-Perot interferometer. 
IX. THE EXPERIMENT
The following steps are intended to be suggestive. Feel free to explore the various parameters available to you. The book by Melissinos is a good overall reference.
1. With the magnetic field set to zero, observe the Zeeman rings. For ten or more rings, measure the angular diameter of the rings, using the micrometer and tangent arm pro- 3.1. For the polarization orientation that should lead to the splitting of the original line into three lines (plus, minus, and unchanged), describe and interpret your observations. 3.2. For the polarization orientation that should lead to the splitting of the original line into six lines, describe and interpret your observations. Note that each triplet may be so closely spaced that the three lines will be hard to resolve, so that it may appear that the zero field line splits into two lines rather than six lines. 3.3. For the six-line spectrum above, adjust the magnetic field so that the spectrum appears to double the number of equally spaced lines. Interpret this pattern. Using the tabulated values of the magnetic field versus current, estimate the Bohr magneton µ 0 .
X. ADDENDUM: CHALLENGES
Although in principle the instruments used in this laboratory are appropriate for quantitative observations of the Zeeman effect, there are several challenges which we would like to bring to your attention.
The light source:
The light source used in this experiment uses naturally occurring mercury, which comprises six isotopes, with atomic mass number A = 198, 199, 200, 201, 202, and 204 . The isotopes with an odd value of A have an odd number of neutrons, so that there is a definite spin to the nucleus. Since the nucleus is charged, these nuclei possesses a nonzero magnetic moment. This nuclear moment interacts with the electron's magnetic moment to produce energy shifts leading to the so-called hyperfine structure, which is present even in the absence of an externally applied magnetic field (See Melissinos p. 337). Since some of these lines are closely spaced, they will manifest themselves as a broadening of the spectral lines rather than as sharply resolved individual lines. A few of the lines are actually resolved by our spectrometer.
To make matters even slightly worse, even if our mercury lamp contained only the even numbered values of A (198, 200, 202, and 204) , there would still be a slight shift due to the fact that the nucleus is not a point charge, but rather an extended charge whose size grows with atomic number. This is the so-called isotope effect. See Melissinos for further details. Ideally, for the purposes of this experiment, we would like a lamp with a single, even-numbered isotope.
The magnetic field: The electromagnet that you will be using only goes up to about 4 kG. This leads to Zeeman energy shifts that are uncomfortably small in comparison to the fixed hyperfine shifts mentioned above. One day we will get a stronger magnet.
APPENDIX: THE FABRY-PEROT INTERFEROMETER
Introduction Two plates of flat, transparent material, aligned mutually parallel, may give rise to important interference effects. In particular, if the inner surfaces of the two plates have a high reflectivity, the cavity can sustain multiple reflections of light if the wavelength and the angle satisfy certain conditions, which we shall derive shortly. If the spacing of the plates is adjustable, the device is called a Fabry-Perot interferometer, and if the spacing of the plates is fixed, the device is called a Fabry-Perot étalon. Our étalon consists of two flat, transparent discs, with the inner surfaces coated with a highly reflecting material, separated by a precision spacer. Another version of the étalon is a solid transparent rod of index of refraction n, reflectively coated at each end.
Theory
If a plane wave of wavelength λ is incident upon the étalon at incident angle θ, the light will enter the cavity and bounce back and forth, with some light eventually transmitted and the remainder back-reflected. In order for the primary ray to interfere constructively with the reflected ray, the extra phase advance caused by the extra distance traveled, and by the phase shift φ at each sur-face, must be a multiple of the wavelength. Referencing Figure 5 , the extra distance is just AB + BC -PR. Simple trigonometry tells us that AB = BC = t/cos(θ), and PR = PQsin(θ). But PQ = AC = 2Δ = 2t tan(θ), so PR = 2t tan(θ)sin(θ). Thus the extra distance is 2t/cos(θ)-2ttan(θ)sin(θ)= 2tcos(θ) (please verify!). Hence we have the requirement for constructive interference 2 cos( ) 2 2 t m
At this angle and for this wavelength, the incident wave will be transmitted with 100% efficiency. If, for a given wavelength, the angle does not exactly satisfy equation (5), but is close, then the transmission coefficient will be less than 1, and will be given by 
We now carry out the analysis of equation (5) to higher order. We will consider only angles small compared to unity; in this cases we can use the small angle approximation and express Eq. With monochromatic incident radiation, we can measure the angles of maximum intensity, and plot 2 p θ versus p. From (11) we should get a straight line, with slope / t λ . Figure   6 shows an example of such a plot for typical parameters.
In practice, we cannot predict beforehand the precise values of p θ because we do not know the phase shift φ , nor do we know the value of 2t/λ to six significant figures. However, the usefulness of the Fabry-Perot étalon lies in our ability to determine wavelength differences to very high precision. In what follows we will show how this is accomplished.
Suppose Subtracting the two equations,
Using the approximation given in equation (8), we may write
We therefore obtain the very simple and elegant result 
In our case, the application of a magnetic field to our sample will split a line λ into two or more lines λ a and λ b ; the difference in the square of their angles will be given by (16). This result is central to many kinds of high resolution spectroscopy, including Zeeman spectroscopy.
In practice, a Fabry-Perot étalon is usually deliberately illuminated by an extended, uncollimated source. Contrary to one's intuition, and contrary to the situation with grating spectrometers, this is not only easy, it is also a good thing. 12 Then, if the étalon is illuminated with monochromatic light and then viewed with an astronomical telescope or a camera focused at infinity, one will observe sharp rings at successively larger polar angles.
Resolution of a Fabry-Perot interferometer
The resolving power of any spectrometer is usually specified in terms of the full-width at half maximum (FWHM) of the spectral lines. If you analyze Equation (6) in detail, you will find that, for an otherwise perfect Fabry-Perot étalon, the FWHM is given by a very simple expression, 1 2
where the variables have been defined earlier. For our étalon, t = 0.6499 cm and R ≈ 0.9. 13 For our experiment, λ = 546x10 -7 cm. This leads to / λ λ Δ = 1.4x10 -6 ! 12 A Fabry-Perot étalon is, in effect, a filter; a plane wave incident with a certain direction results in a plane wave transmitted with exactly the same direction, but with transmittance T. Therefore, there must be an angular spread of the source comparable to the angular range of the rings that one wishes to observe. However, the transverse size of the beam does not matter, unless the étalon has inhomogeneities. 13 You might think that the resolution should go to zero as R goes to 1. Theoretically this is the case; however, for values of R greater than about 0.9, surface imperfections dominate and larger values of R do not help.
